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Three viral proteins, all products of early region 2 (E2), participate directly in adenovirus DNA replication. Three products
of early region 4 (E4) also affect viral DNA synthesis: the product of E4 ORF4 inhibits viral DNA accumulation, while the
products of E4 ORFs 3 and 6 antagonize that effect of ORF4 expression. Because no E4 products are required for DNA
synthesis, these proteins probably act indirectly. The E4 ORF3, 4, and 6 proteins all participate in aspects of the regulation
of viral gene expression. To determine whether they modulate DNA replication by effects on expression of viral replication
proteins, we examined E2 expression in E4 mutant-infected cells. In cells infected by ORF30, 60 mutants, expression of
ORF4 substantially depressed the steady-state levels of replication proteins and E2 mRNAs, reduced E2 transcription rates,
and profoundly inhibited viral DNA replication. Thus, in the absence of E4 ORFs 3 and 6, ORF4 acts as a transcriptional
regulator of E2 expression, and reduced replication protein levels largely account for the inhibition of DNA replication by
ORF4. Cells infected by viruses that express ORFs 3 and 6 in addition to ORF4 accumulated much larger quantities of viral
DNA than did cells infected by the ORF30, 60, 4/ mutant. Increased DNA accumulation was not accompanied by a comparable
increase in E2 expression. Therefore, the ORF3 and 6 products counteract the ORF4-induced reduction of DNA replication
by a mechanism other than reversing the inhibitory effect of ORF4 on E2 expression. The effect of ORF4 on E2 expression
is consistent with its ability to regulate levels of the transcription factor AP-1 (Mu¨ller et al., 1992, J. Virol. 66, 5867–5878);
the mechanism by which ORFs 3 and 6 enhance replication is unknown. q 1997 Academic Press
INTRODUCTION late smaller amounts of viral DNA than does wild-type
virus (Weinberg and Ketner, 1983). This E4-associated
Adenoviruses encode three proteins that participate
DNA defect disappears at high m.o.i. (25 PFU/cell) and
directly in viral DNA synthesis: a DNA binding protein
at late times (24 hr) after infection (Yoder and Berget,
(DBP), a DNA polymerase (AdPol), and a protein (preter-
1986; Bridge et al., 1993; Huang and Hearing, 1993a;
minal protein; pTP) that acts as the primer for viral DNA
Medghalchi, unpublished). The latter observation is con-
synthesis. Studies of viral mutants and in vitro viral DNA
sistent with the conclusion from in vitro studies that no
replication systems have shown that all three proteins
E4 product is essential for DNA synthesis and indicates
are essential for viral DNA synthesis in infected cells
that the involvement of E4 products in DNA replication
and that at least in vitro, they are the only virally encoded
is probably indirect. In contrast to mutants lacking all ofproteins required (reviewed by Challberg and Kelly, 1989;
E4, a mutant that expresses E4 ORF4 in an E4 ORF30,van der Vliet, 1995; Hay et al., 1995). All three replication
60 genetic background (H5dl1014) is dramatically defec-proteins are products of early region 2 (E2).
tive in viral DNA accumulation even at high m.o.i. andEarly region 4 (E4) encodes seven proteins (Freyer et
late times in infection. Ablation of ORF4 in an H5dl1014al., 1984; He´risse´ et al., 1981; Virtanen et al., 1984; Fig.
background restores replication under those conditions.1), none of which is required for viral DNA replication in
In addition, the expression of either (or both) E4 ORF3the in vitro system. The phenotypes of E4 mutants indi-
or E4 ORF6 permits wild-type levels of viral DNA replica-cate, however, that E4 products can affect viral DNA
tion in infected cells when ORF4 is present. Thus, ORF4replication in infected cells. At low multiplicity of infection
encodes a product that prevents viral DNA replication(m.o.i.) and early in the viral growth cycle, deletion mu-
while the products of ORFs 3 and 6 antagonize the effecttants that lack all of the recognized E4 products accumu-
of ORF4 on DNA synthesis. Because ORF4 and ORFs 3
and 6 have opposing effects on viral DNA accumulation,
1 Current address: Department of Pediatrics, Johns Hopkins Univer- we have suggested that they participate in setting the
sity School of Medicine, Baltimore, MD 21205.
level of DNA replication in adenovirus-infected cells2 To whom correspondence and reprint requests should be ad-
(Bridge et al., 1993).dressed. Telephone: (410) 955-3776. Fax: (410) 955-0105. E-mail: gket
ner@jhsph.edu. The biochemical bases of the effects of the ORF3, 4,
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and 6 proteins on DNA replication are not known. How-
ever, each of these proteins has been implicated in the
regulation of gene expression in infected cells. The ORF3
and ORF6 products function redundantly at a posttran-
scriptional step in viral late gene expression, stimulating
at least the splicing step in late mRNA production (Bridge
and Ketner, 1989; Huang and Hearing, 1989; O¨hman et
al., 1993; Nordqvist et al., 1994). The ORF6 product also
binds to the cellular transcriptional regulator p53 and
eliminates its ability to activate transcription (Dobner et
FIG. 1. Early region 4. Sequences removed by the deletion mutationsal., 1996). The ORF4 product has been shown to bind to
in H5dl1014 and H5dl1019 are indicated by black bars, the position ofprotein phosphatase 2A (PP2A), to alter the phosphoryla-
the ORF4 ATG mutation in H5dl1019 and H5pm1020 is indicated by antion state of proteins including the E1a 289R protein and X, and wild-type sequences are indicated by a thin line. The positions
cFos, and, as a consequence, to alter expression levels of the seven E4 ORFs are also diagrammed. The scale is labeled in
of both viral (E4) and cellular (junB) genes (Bondesson map units and nucleotide numbers, with the E4 promoter (arrow) and
polyadenylation site (A n ) marked. The outside ends of the deletionet al., 1996; Kleinberger and Shenk, 1992; Mu¨ller et al.,
mutations lie at the SmaI sites indicated on the scale.1992). Because of the common involvement of the ORF3,
4, and 6 proteins in the regulation of gene expression,
it seemed plausible that effects of E4 products on the
E4 deletion mutant H5dl1014 and a plasmid (p1020) thatexpression of viral replication genes account for the DNA
carries the three mutations embedded in a wild-type E4phenotypes of E4 mutants observed in high-multiplicity
DNA segment. Three micrograms of NdeI linearizedinfections. This supposition was tested in the work de-
p1020 DNA and 5 mg of the DNA–terminal proteinscribed below. The results show that ORF4 down-regu-
complex (Robinson and Bellett, 1974) prepared fromlates E2 expression and that in an E4 ORF30, 60 genetic
H5dl1014 virions were cotransfected into 293 cells usingbackground, levels of E2 expression are correlated with
the CaPO4 method (Graham and van der Eb, 1973).the accumulation of viral DNA. The stimulatory effects of
Plaques that arose on the transfected cells wereORF3 and ORF6 on replication do not, however, involve
screened by HindIII digestion of 32P-labeled DNA grownchanges in levels of E2 gene expression. This indicates
on W162 cells (Bridge et al., 1993), and recombinantsthat there exists another, as yet unidentified, role for E4
were identified and plaque purified. To produce p1020,products in the regulation of DNA replication.
pEcoRIBAd5 (Berkner and Sharp, 1983) was digested
with EcoRI and BglII and a 1548-bp fragment containingMATERIALS AND METHODS
the viral DNA from position 34387 to the end of the ge-
Cells and viruses nome was subcloned into pSP73 (Promega). This plas-
mid was then digested at its BglII and NdeI sites andW162 cells contain the E4 region of Ad5 and support
the large fragment was joined in a three-fragment ligationthe growth of defective E4 mutants; they are derivatives
to a DraIII and NdeI fragment (Ad5 sequences 31088 toof the Vero cell line (Weinberg and Ketner, 1983). HeLa
33904) obtained from pEcoRIBAd5 and a 480-bp fragmentcells were originally obtained from A. Lewis. W162 cells
containing the ORF4 mutations. The mutant fragment (ntwere propagated in Eagle’s minimal essential medium
33904 to 34387) was prepared from the plasmid used tocontaining 10% fetal calf serum, and HeLa cells were
construct H5dl1019 (pORF 4 AUG0; Bridge et al., 1993)propagated in Eagle’s minimal essential medium con-
following a complete DraIII digestion and partial BglIItaining 10% calf serum.
digestion.The viral mutants H5dl1014 and H5dl1019 have been
described (Bridge and Ketner, 1989; Bridge et al., 1993;
Fig. 1). H5pm1020 carries three mutations present in Viral infections and DNA measurements
H5dl1019 in an otherwise wild-type E4 background.
These mutations include a T to A transition at 34341, a Cells were infected by E4 mutants or wild-type virus
(Ad5) at an m.o.i. of 50 PFU/cell. Titers were determinedG to C transition at 34339, and a silent 3-bp insertion in
the region between E4 ORFs 3 and 4. (Nucleotide num- on W162 cells for all viruses. Cells were harvested at 8
or 24 hr postinfection (p.i.). Where noted, DNA replicationbers refer to the Ad5 genomic sequence, J. Chrobczek,
F. R. Bieber, and B. Jacrot; GenBank Accession No. was blocked by the addition of hydroxyurea to the me-
dium at a final concentration of 10 mM at 2 hr p.i. Prepara-M73260). The mutation at 34341 destroys the ORF4 ATG
initiator codon, prevents synthesis of the ORF4 product tion of intracellular DNA and quantitation of viral DNA by
dot hybridization were performed by standard methods(Bridge et al., 1993), and, in combination with the muta-
tion at 34339, produces a novel HindIII site. H5pm1020 (Sambrook et al., 1989) as described by Bridge and
Ketner (1989).was made by homologous recombination between the
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Quantitation of E2 protein levels Riboprobe construction and synthesis
E2 protein levels were measured by quantitative immu- Riboprobes were constructed to measure b-actin,
noblotting. Hydroxyurea-blocked cells were harvested at DBP, and pTP RNA levels. Segments of those genes were
8 or 24 hr p.i. by scraping into RIPA buffer (0.15 M NaCl, cloned into the plasmid pSP72 (Promega) downstream
10 mM Tris–HCl, pH 7.4, 1% sodium deoxycholate, 1% of the SP6 promoter. Radiolabeled antisense riboprobes
NP-40, 0.1% SDS). Lysates were briefly sonicated and were produced from linearized plasmids in in vitro tran-
cellular debris was pelleted by centrifugation. For mea- scription reactions performed according to Maniatis et
surements of pTP and AdPol, proteins were immunopre- al. (1982). Riboprobes were purified using an RNeasy
cipitated prior to blotting. The pTP antiserum (Kusukawa total RNA isolation column. The actin riboprobe contains
et al., 1994) and the AdPol antiserum (Sasaguri et al., a 482-bp fragment spanning IVS (intervening sequence)
1987) have been described previously. For analysis of 2, exon 3, and part of IVS 3 of the human b-actin gene
DBP, RIPA lysates were simply boiled in loading buffer obtained from the plasmid pb-ACT.3C (Sandler and
prior to electrophoresis. Ketner, 1991). The DBP riboprobe contains the Ad5 se-
After electrophoresis, proteins were transferred to Im- quences from 23,912 to 24,218 and the pTP riboprobe
mobilon-P membranes (Millipore). Membranes were contains Ad5 sequences from 10,469 to 10,809.
blocked in 5% dry milk/TBST (20 mM Tris–HCl, pH 7.6,
137 mM NaCl, 0.1% Tween 20) and incubated with pri-
mary antibody in blocking solution for 3 hr at RT. The Quantitation of E2 transcription rates
anti-pTP and anti-AdPol sera were those used for the
immunoprecipitation and were employed at 1:1500 and E2 transcription rates were measured by nuclear run-
1:500 dilutions, respectively. Tissue culture supernatant on transcription assays. Hydroxyurea-blocked cells were
containing anti-DBP monoclonal antibody B6 (Reich et harvested at 24 hr postinfection by scraping into isotonic
al., 1983) was used at a 1:10 dilution. Blots were washed buffer. Nuclei were prepared as above, resuspended in
with TBST and then incubated with secondary antibody 30 ml of 10 mM MgCl2 , 20 mM Tris–HCl, pH 7.5, 1 M
in blocking solution for 60 min at room temperature. The sorbitol, 5% Ficoll, 0.016% spermidine, 2 mM DTT and
secondary antibody was either goat-anti-rabbit IgG (H / used immediately for run-on transcription assays. Tran-
L) alkaline phosphatase conjugate (pTP and AdPol) or scription reactions were performed as in Sandler and
goat-anti-mouse IgG (H/ L) alkaline phosphatase conju- Ketner (1989). RNA was purified from the reaction using
gate (DBP) (Bio-Rad). Blots were washed prior to devel- an RNeasy total RNA isolation column as recommended
opment with BCIP/NBT substrate (Kirkegaard and Perry). by the supplier. Run-on RNAs were partially degraded in
Images were digitized by an Eagle Eye digitizer (Stra- 0.2 N NaOH on ice for 10 min prior to hybridization with
tagene) and immunoreactive bands were quantified us- single-stranded antisense DNA immobilized on nitrocel-
ing NIH Image 1.52 software. lulose filters.
For a single transcription reaction, rates were mea-
Quantitation of E2 RNA levels sured for b-actin, pTP, and DBP. Each hybridization vial
contained four filters, one each having antisense DNAE2 nuclear and cytoplasmic RNA levels were mea-
for b-actin, pTP, DBP, and pBS (to determine backgroundsured by an RNase protection assay. Hydroxyurea-
hybridization). Hybridizations were done essentially asblocked cells were harvested at 24 hr p.i. by scraping
in Sandler and Ketner (1989) with 1.5 1 107 to 2.0 1into isotonic buffer (0.14 M NaCl, 10 mM Tris–HCl, pH
107 CPM of run-on RNA at 427 for approximately 20 hr.7.4, 1.5 mM MgCl2). NP-40 was added to a final concen-
Hybridized RNA was measured by scintillation counting.tration of 0.5% and the mixture was incubated on ice for
Results of duplicate hybridizations were averaged and10 min. Nuclei were pelleted at 2300 rpm for 9 min in a
background counts (hybridization to the vector plasmid)Sorvall SA-600 rotor. The supernatant (cytoplasmic frac-
were subtracted.tion) was removed and RNA was ethanol precipitated.
Single-stranded DNA probes were produced fromNuclear fractions were treated with a Qiashredder col-
pBSIISK/ plasmids containing appropriate inserts usingumn (Qiagen) to shear DNA and reduce viscosity prior
a protocol and helper phage (VCSM13) obtained fromto RNA isolation. Total RNA was purified from nuclear
Stratagene. Probe complementary to human b-actinand cytoplasmic fractions using RNeasy total RNA isola-
mRNA was produced from a plasmid containing a 1662-tion columns (Qiagen) as recommended by the supplier
basepair SalI/PvuII fragment obtained from a human ge-and quantified by UV spectrometry.
nomic b-actin clone (Leavitt et al., 1984). Probe comple-RNase protection assays were performed as de-
mentary to DBP mRNA was produced from a plasmidscribed in Sandler and Ketner (1989) using 0.5–20 mg of
containing adenoviral sequences 22,188–25,834 and thepurified sample RNA and 2.5 1 105 CPM of antisense
pTP mRNA probe was produced from a plasmid con-RNA probe. Autoradiographic images were digitized and
quantified as described above. taining adenoviral sequences 8914–10,411.
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TABLE 1
Viral Replication Proteins and DNA Synthesis in E4 Mutant-Infected HeLa Cells
Virus E4 Genotypea Viral DNA replicationb DBP pTP AdPol
Ac H5dl1014 D(1, 2, 3, 3/4), 4/, D(6, 6/7) 1 1 1 1
H5dl1019 D(1, 2, 3, 3/4), 40 (ATG0), D(6, 6/7) 16 6.0 { 1.6 6.0 { 1.8 4.6 { 0.7
Ad5 1/, 2/, 3/, 4/, 6/, 3/4/, 6/7/ 20 1.7 { 0.5 2.7 { 0.4 1.9 { 0.3
Bd Ad5 1/, 2/, 3/, 4/, 6/, 3/4/, 6/7/ 1 1 1 1
H5pm1020 1/, 2/, 3/, 40 (ATG0), 6/, 3/4/, 6/7/ 1.4 2.3 { 0.1 2.4 { 0.4 2.4 { 0.2
Note. Measurements are presented as ratios with H5dl1014 values (Part A) or with Ad5 values (Part B) determined in the same experiments, {
the standard error of the mean of the ratios.
a Numbers refer to E4 ORFs.
b Measured by dot blot hybridization using DNA extracted from cells infected in parallel with those used for protein determinations, but not
blocked by hydroxyurea. DNA levels in the wells used for protein measurements were also determined to confirm that the hydroxyurea block had
been effective (not shown).
c n  3.
d n  2.
RESULTS the ORF4 mutant H5dl355 (Halbert et al., 1985). Measure-
ments made in the same experiments for H5dl1014,
Construction of H5pm1020 and measurement of DNA
which has a severe defect in DNA synthesis, and
synthesis in H5pm1020-infected cells
H5dl1019, which replicates to near wild-type levels at
high m.o.i., were also consistent with those reported pre-The destruction of E4 ORF4 in an otherwise wild-type
virus has no apparent effect on viral DNA synthesis (Hal- viously (Bridge et al., 1993). As noted above, the DNA
replication phenotypes of some E4 mutants differ at lowbert et al., 1985). To confirm this observation and to ob-
tain a virus carrying our previously characterized ORF4 and high m.o.i. Therefore, measurements of DNA replica-
tion by these three mutants were also made at an m.o.i.ATG0 mutation in a wild-type E4 background, we con-
structed H5pm1020 (E4 ORF 1/, 2/, 3/, 4 ATG0, 6/, of 5 (data not shown). Under this condition, as at high
m.o.i., H5dl1014 was defective for replication and3/4/, 6/7/). H5pm1020 contains ORFs 3 and 6 and was
expected to be viable (Bridge and Ketner, 1989; Huang H5pm1020 produced normal amounts of viral DNA. In
contrast, H5dl1019 accumulated reduced amounts of vi-and Hearing, 1989a). Therefore, we isolated plaque-form-
ing recombinants after cotransfection of 293 cells, which ral DNA, as do other E4 ORF30, 40, 60 mutants at low
m.o.i. (Weinberg and Ketner, 1983; Yoder and Berget,are nonpermissive for E4 mutants, with DNA prepared
from the defective E4 mutant H5dl1014 and with the plas- 1986).
mid p1020, which carries the ORF4 ATG0 version of E4.
The ORF4 ATG mutation (in combination with a mutation E2 protein levels in E4 mutant-infected cells
in the second codon of ORF4, also present in p1020)
introduces a novel HindIII site. Plaques that arose after To test the hypothesis that the effect of E4 ORFs 3, 4,
and 6 on replication is mediated by their effect on levelstransfection therefore were screened by HindIII digestion
to identify those that contained recombinants, and the of the replication proteins, the accumulation of DBP, pTP,
and AdPol in cells infected with Ad5, H5dl1014,recombinants were plaque-purified. Five presumably via-
ble recombinants can arise in this cross, depending on H5dl1019, and H5pm1020 was measured by immunoblot-
ting. Because of their relatively low abundance in in-where recombination occurs. Three of these, including
H5pm1020 and a mutant with the novel E4 genotype fected cells, measurements of both pTP and AdPol re-
quired immunoprecipitation of the protein from infectedD(1,2,3,3/4), 4 ATG0, 6/, 6/7/ (H5dl1022), were recov-
ered. Two expected recombinant viruses lacking E4 cell lysates prior to immunoblotting, while DBP levels
were determined directly from cell lysates. When theyORF6 were not, presumably because of the decreased
ability of ORF 60 mutants to plaque on 293 cells (Bridge were required, immunoprecipitations were done in anti-
body excess, and in all cases immunoblots were doneand Ketner, 1989; Huang and Hearing, 1989a).
The production of viral DNA in nonpermissive (HeLa) in the range where immunoreactive signal was propor-
tional to the amount of protein loaded on the gel. Immu-cells infected by H5pm1020 and several other E4 mutants
was assessed by dot blot hybridization. Table 1 presents noblots were digitized and immunoreactive bands were
quantified by image analysis using NIH Image software.measurements of the viral DNA present in cells 24 hr
after infection at an m.o.i. of 50. DNA synthesis by Because E4 mutants differ in their ability to synthesize
viral DNA, direct comparisons of viral protein levels inH5pm1020 was essentially equivalent to that of wild-type
virus. This is consistent with the reported phenotype of cells infected by different mutants cannot be made if
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increased accumulation of E2 products late in infection
does not perturb the relative levels of replication protein
expression by different mutants. All measurements of
protein, mRNA, and transcription were therefore made in
blocked cells. In each experiment, dot blot hybridization
was used to demonstrate that HU blocks were effective
and to measure viral DNA synthesis in parallel cultures
of unblocked cells.
Representative immunoblots are shown in Figs. 2 and
3, and values obtained by quantifying 24-hr p.i. immu-
noblots are presented in Table 1. In samples prepared
24 hr p.i., in both the presence and the absence of the
other E4 proteins, ORF4 expression reduced replication
protein levels (Fig. 2). The effect was most striking in
cells infected with mutants that lack both ORF3 and ORF6
(H5dl1019 vs H5dl1014; Table 1, A). Replication protein
levels in cells infected by H5dl1019, where ORF4 was
absent, were 5- to 6-fold higher than in cells infected by
H5dl1014, where ORF4 was present. ORF4 expression
had a similar but smaller effect in cells infected by
viruses that produced the ORF3 and 6 products (Ad5
vs H5pm1020; Table 1, B). When ORF4 was absent
(H5pm1020 infections) replication protein levels were
about 2.4-fold higher than when it was present (Ad5 infec-
tions). In both cases (3/, 6/ or 30, 60) the level of each
of the three replication proteins was affected to approxi-
mately the same extent by ORF4. Thus, ORF4 expression
does not alter the stoichiometry of the replication pro-
teins in either background.
To determine the degree to which protein levels and
FIG. 2. Quantitation of E2 proteins. Immunoprecipitates of pTP (A) DNA accumulation are correlated, DNA replication was
and AdPol (B) or cell lysates (C) prepared from hydroxyurea-treated measured in unblocked cells in parallel with the mea-
cells 24 hr p.i. were fractionated on 6% polyacrylamide–0.1% SDS gels
surements of replication protein levels. When ORF3 andand transferred to membrane filters. Filters were probed with pTP-
ORF6 were absent, a 16-fold stimulation in DNA accumu-or AdPol-specific polyclonal antisera (A and B, respectively), or DBP
lation accompanied the 6-fold increase in replicationmonoclonal antibody (C). The infecting virus is indicated above each
lane, and the number of cell equivalents of protein loaded per lane is protein levels produced by removal of the ORF4 product
indicated below (11004 for A and B, or 11003 for C). The positions of (H5dl1014 vs H5dl1019; Table 1, A). When ORF3 and
the molecular weight markers are indicated at the sides.
ORF6 were present, removal of ORF4 induced a smaller
stimulation of DNA replication (1.4-fold) to accom-
replication is permitted. Therefore, measurements of rep-
lication proteins were made in cells in which viral DNA
replication was blocked by the addition of hydroxyurea
(HU) to the culture medium after infection. When viral
DNA replication is prevented by drugs or mutation, E2
proteins accumulate to high levels after extended incuba-
tion (24–48 hr p.i.; Gaynor et al., 1982). This behavior
was exploited to increase sensitivity of replication protein
assays by making most measurements 24 hr p.i. (Fig.
2). However, it seemed possible that E2 overexpression
induced by an HU block might distort comparisons of
replication protein levels made late in infection in
FIG. 3. DBP levels 8 hr postinfection. Cell lysates prepared fromblocked cells. Therefore, expression of DBP in mutant-
hydroxyurea-treated cells 8 hr p.i. were analyzed by immunoblottinginfected, blocked cells was also examined at 8 hr p.i.,
with a monoclonal DBP antibody. The infecting viruses are indicated
before enhancement of early gene expression is ob- above the lanes. Protein corresponding to 4 1 104 cells was loaded
served (Fig. 3). The effects of ORF4 on DBP expression in each lane. The positions of the molecular weight markers are indi-
cated at the side.were indistinguishable at 8 and 24 hr p.i., indicating that
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pany the 2.4-fold increase in replication protein levels
(H5pm1020 vs Ad5; Table 1, B). These measurements
also revealed a large effect of ORFs 3 and 6 on the ratio
of DNA accumulation to protein expression in infections
where ORF4 was present: DNA accumulation was stim-
ulated 20-fold, but replication protein levels were in-
creased only about 2-fold when ORFs 3 and 6 were
added to an ORF4/ background (H5dl1014 vs Ad5; Table
1, A). The ORF3 and 6 products therefore stimulate DNA
replication in the presence of ORF4 without inducing a
corresponding increase in E2 expression.
E2 mRNA in mutant-infected cells
To determine whether E4 effects on replication protein
levels reflect effects on message levels, spliced pTP and
DBP RNAs were measured in total cytoplasmic or nuclear
RNA preparations by RNase protection assays. As for
protein quantitation, viral DNA replication was blocked
by addition of hydroxyurea to prevent template replica-
tion, and measurements were made 24 hr p.i.. Hybridiza-
tions were done in probe excess with constant amounts
of total RNA, and human b-actin RNA levels were mea-
sured in each sample to control for RNA input. For each
of the three messages, a riboprobe that spanned an
exon–intron junction was used in order to permit discrim-
ination between processed transcripts and precursor
RNA and contaminating DNA.
DBP mRNA, which is produced from E2a, should pro-
tect a 129-nucleotide fragment of the riboprobe used in FIG. 4. E2 RNA levels. 32P-labeled riboprobe fragments protected
from RNase digestion by total RNA prepared from nuclear and cyto-these experiments. While no fragment of that length was
plasmic fractions of Ad5 and E4 mutant-infected, hydroxyurea-blockedobserved, a fragment of approximately 100 nucleotides
HeLa cells were fractionated on 5% polyacrylamide–7 M urea gels and
was protected by RNA from infected cells but not from autoradiograms were made. For measurements of pTP mRNA (A), 25
uninfected cells (Fig. 4A). We have considered several mg of total nuclear or cytoplasmic RNA was used in each experiment.
explanations for the protection of a fragment of unex- The expected size of the protected fragment is 120 nucleotides. For
DBP (B), 1 mg of RNA was used in each experiment. The size of thepected size by DBP RNA. The nucleotide sequence of
protected fragment is about 100 nucleotides; however, see text. Forthe DBP segment used to produce the riboprobe is cor-
actin (C) 1 mg (nuclear RNA) or 0.75 mg (cytoplasmic RNA) of RNA was
rect, and anomalous migration of the protected fragment used. The expected size of the protected fragment is 180 nucleotides.
in our particular electrophoretic system has been ruled The infecting virus is indicated above each lane of the figure. The sizes
out by experiments in alternate gel systems (formalde- of the molecular weight markers are indicated at the sides.
hyde and glyoxal/DMSO). A probe shortened at its 5* end
(3* relative to the DBP mRNA) still protected an RNA
fragment 30 nucleotides shorter than expected. It there- (H5pm1020 vs Ad5 and H5dl1019 vs H5dl1014, respec-
tively; Table 2, A and B). Where ORFs 3 and 6 werefore seems most likely that secondary structure of the
riboprobe or DBP mRNA results in ribonuclease diges- absent, the effect of ORF4 was approximately 3.5-fold
(H5dl1014 vs H5dl1019; Table 2, A); where ORFs 3 andtion at a site internal to the probe, producing the small
fragment. In any case, we assume that the 100-bp frag- 6 were present (Ad5 vs H5dl1020; Table 2, B), the effect
was approximately 2.5-fold. Spliced DBP RNA present inment corresponds to the DBP message and quantified
that fragment by image analysis after digitization of auto- the nucleus was affected similarly.
pTP mRNA, produced from E2b, was measured to con-radiograms. Values obtained were normalized for the ac-
tin signal produced by each RNA preparation, and nor- firm that ORF4 affects messages from both segments of
E2. The pTP mRNA protected the predicted 120-nucleo-malized results, expressed as a ratio with either
H5dl1014 or Ad5 mRNA levels, are presented in Table tide fragment of the riboprobe (Fig. 4B), and the protected
fragment was quantified and analyzed as above (Table2. As was the case for DBP protein levels, removal of
ORF4 increased levels of cytoplasmic DBP mRNA, in ei- 2). Like DBP mRNA, cytoplasmic pTP mRNA levels in-
creased when ORF4 was removed from both ORF3/, 6/ther the presence or the absence of ORFs 3 and 6
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TABLE 2
E2 RNA Levels and Transcription Rates in E4 Mutant-Infected HeLa Cells
DBP (E2a) pTP (E2b)
Cytoplasmic Nuclear Transcription Cytoplasmic Nuclear Transcription
Virus mRNAa mRNAa rateb mRNAa mRNAa ratea
A H5dl1014 1.0 1.0 1.0 1.0 1.0 1.0
H5dl1019 3.4 { 1.3 3.4 { 1.1 3.4 { 1.0 2.8 { 0.6 1.9 { 0.9 2.5 { 1.0
B Ad5 1.0 1.0 1.0 1.0 1.0 1.0
H5pm1020 3.0 { 1.2 2.4 { 0.5 1.0 { 0.4 2.2 { 0.4 1.3 { 0.2 1.5 { 0.5
Note. Measurements were normalized to values obtained for b-actin; the numbers presented are ratios of the normalized values to those of
H5dl1014 (A) or Ad5 (B) determined in the same experiments, { the standard error of the mean of the ratios.
a n  3; bn  4.
and ORF30, 60 genetic backgrounds. The magnitude of DBP participate directly in DNA synthesis and are required
for replication both in vitro and in infected cells. The viralthe effect was two- to threefold in both cases. The levels
of spliced nuclear pTP RNA, however, were not convinc- replication proteins are all products of E2 and are produced
from mRNAs that are the result of alternative processingingly altered by ORF4 expression in either background.
As noted above, viral message levels were normalized of a single large precursor RNA. Three host proteins are
also required for viral DNA replication: two transcriptionto b-actin RNA levels. Levels of b-actin mRNA in all in-
fected cells were essentially equivalent, while levels in factors, nuclear factor I (NFI, also called CTF) and NFIII
(Oct-1), and a type I DNA topoisomerase (NFII).uninfected cells were approximately twofold higher (Fig.
4C), consistent with previous results (Sandler and Ketner, In addition to proteins that participate directly in DNA
synthesis, adenovirus encodes other products that are1991).
capable of modulating levels of DNA synthesis in in-
E2 transcription in mutant-infected cells fected cells. In particular, three products of E4 affect the
accumulation of viral DNA: the product of E4 ORF4 is a
Cells infected with E4 ORF40 viruses contain greater
trans-acting protein that essentially abolishes viral DNA
amounts of E2 mRNAs than do cells infected with their
synthesis in appropriate genetic backgrounds, while the
ORF4/ counterparts. To determine if the effect of ORF4
products of E4 ORFs 3 and 6 encode products that antag-
was at the level of transcription, the transcription rates
onize the effect of ORF4 and stimulate DNA accumula-of the DBP and pTP genes were measured using nuclear
tion. As in viral late gene expression, the ORF6 and E1brun-on transcription and hybridization to single-strand
55-kDa products function together in this capacity (Bridgecloned genomic DNA probes. Transcription rates of the
et al., 1990). Since they are not required for replication
b-actin gene in infected cells were also measured and
in vitro, and since deletion mutants lacking E4 replicateused to normalize viral transcription rates. The results of
their DNA normally in high m.o.i. infections, the effect ofthese assays, expressed as ratios to rates for H5dl1014
the E4 proteins on replication is presumably indirect. Allor Ad5, are shown in Table 2. In an ORF 30, 60 back-
three of the E4 proteins have been shown to participateground, the transcription rates for both DBP and pTP
in regulating viral gene expression. It seemed plausible,were increased approximately threefold when ORF4 was
therefore, that an effect on expression of the viral replica-absent (H5dl1014 vs H5dl1019). Thus, in that case, it
tion proteins encoded in E2 might account for the appar-appears that ORF4 acts at least in part by reducing the
ent involvement of E4 proteins in DNA replication. Wetranscription rate from the E2 promoter, resulting in both
tested that hypothesis by measuring the expression ofdecreased mRNA and E2 protein levels. The removal of
E2 in cells infected by a series of E4 mutant viruses. TheORF4 from an ORF 3/, 6/ background made a smaller
results of those studies indicate that the ORF4 productdifference, if any, on E2 transcription rates (twofold or
acts to reduce E2 expression and that, under some con-less).
ditions, ORF4-mediated reductions in levels of E2 expres-
sion reduce viral DNA accumulation. However, our re-
DISCUSSION
sults also indicate that in the presence of ORF4, ORFs 3
and 6 stimulate viral DNA synthesis to a far greater extentThe replication of adenovirus DNA has been extensively
than they increase E2 expression. The products of ORFsstudied in vivo and in vitro (reviewed in Challberg and Kelly,
3 and 6 must therefore impinge on viral DNA replication1989; van der Vliet, 1995; Hay et al., 1995). These studies
by a mechanism other than regulation of E2 expression.have shown that three virally encoded proteins, the 80-kDa
pTP, the 140-kDa AdPol, and the 72-kDa single-stranded The effects of ORF4 on E2 expression and on DNA
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replication are most clearly seen in comparisons of effect on their phosphorylation state (Mu¨ller et al., 1992;
Bondesson et al., 1996). The E2 promoter contains anH5dl1014 and H5dl1019 (Table 1). Except with respect
to ORF4, these mutants are identical: each carries two ATF/CREB binding site, and CREB sites can be recog-
nized by AP-1 (Hoeffler et al., 1989; Sassone-Corsi et al.,deletion mutations that together destroy all of the E4
open reading frames except ORF4. ORF4 is intact and 1990). Thus, it is reasonable to suppose that a decrease
in AP-1 activity resulting from the expression of ORF4expressed by H5dl1014, while in H5dl1019 ORF4 expres-
sion is prevented by a mutation in the ORF4 initiator contributes to down-regulation of E2 transcription via the
ATF/CREB site.ATG. As reported earlier (Bridge et al., 1993), in a genetic
background lacking the remaining E4 ORFs, ORF4 is suf- Smaller but generally consistent effects are seen when
ORF4 is removed from virus where ORFs 3 and 6 areficient to strongly depress viral DNA accumulation. Thus,
H5dl1014-infected cells produce little viral DNA, while present. Comparison of Ad5- and H5pm1020-infected
cells showed that the removal of ORF4 is accompaniedcells infected by H5dl1019 accumulate DNA at essen-
tially normal levels compared with wild-type Ad5. Mea- by slightly elevated levels of DNA synthesis, E2 proteins,
and E2 mRNA (Tables 1, B, and 2, B), although no con-surements of E2 protein levels in cells infected by these
two mutants (Table 1) show that differences in viral DNA vincing differences in E2 transcription rate were de-
tected. The failure to detect differences in transcriptionsynthesis correlate with the levels of the three E2 replica-
tion proteins; DBP, pTP, and AdPol are all present in rates between Ad5- and H5pm1020-infected cells may
simply reflect the small differences in E2 expression be-substantially larger amounts in H5dl1019-infected cells
than in those infected by H5dl1014. The magnitude of tween these viruses. Alternatively, it may indicate that
steps in gene expression other than transcription arethe increase in E2 expression that accompanies the re-
moval of ORF4 (about 6-fold) is somewhat smaller than regulated by ORF4 in a ORF 3/6/ genetic background.
It should be noted that the E4 ORF6/7 product, whichthe increase in DNA replication (16-fold). This may indi-
cate that ORF4 has an effect on viral DNA synthesis in stimulates transcription from the E2 promoter by an inter-
action with E2F (Huang and Hearing, 1989b; Neill et al.,addition to its inhibition of E2 expression. Nevertheless,
in cells lacking the other E4 open reading frames, the 1990; Neill and Nevins, 1991; Raychauduri et al., 1990;
Swaminathan and Thimmapaya, 1996), is missing fromeffect of ORF4 on viral DNA replication seems to be
predominantly the result of ORF4-mediated modulation both H5dl1014 and H5dl1019 but is present in Ad5 and
in H5pm1020. The presence of this additional E2 tran-of E2 expression.
Measurements of E2 mRNAs in H5 dl 1014- and scriptional regulatory system could obscure or alter
ORF4 effects on E2 transcription.H5dl1019-infected cells reveal that ORF4 expression re-
duces the steady-state level of cytoplasmic E2 mRNA. Replication proficiency can be restored to the DNA-
defective mutant H5dl1014 by two different geneticThe change in mRNA level (2.8- and 3.4-fold for DBP and
pTP, respectively) could account for most of the change changes: destruction of ORF4 (as in H5dl1019) or addi-
tion of either or both ORFs 3 and 6 (as in Ad5-infectedin protein level (6-fold), although the difference in size of
the effects leaves open the possibility that ORF4 has an cells or cells transfected by appropriate expression plas-
mids; Ketner et al., 1989). Destruction of ORF4 results inadditional effect on E2 expression at the translational
level. A possible effect on translation has been sug- increases in the levels of replication proteins large
enough to account for most or all of the increase ingested to account for a similar quantitative discrepancy
in the effects of ORF4 on cFos mRNA and protein levels replication. In contrast, restoration of ORFs 3 and 6 dra-
matically enhances DNA replication but has little effect(Mu¨ller et al., 1992). The rate of transcription of E2 and
the level of processed E2 RNA found in the nucleus are on replication protein levels (H5dl1014 vs Ad5; Table 1,
A). Apparently, ORF3 and ORF6 overcome the negativeboth closely correlated with the levels of cytoplasmic
mRNA in H5dl1014- and H5dl1019-infected cells (Table effect of ORF4 at least in part by increasing the efficiency
of the replication process in some manner.2, A). Thus, ORF4 is without a detectable effect on post-
transcriptional events in E2 mRNA production. Taken to- There are a variety of ways in which the ORF3 and
6 products might regulate the efficiency of viral DNAgether, these data indicate that in the absence of other
E4 open reading frames, ORF4 alters the accumulation replication. For example, viral DNA replication is accom-
panied by reorganization of the nucleus of infected cellsof replication proteins primarily through regulation of cy-
toplasmic mRNA levels and that mRNA levels are deter- and the formation of centers where viral DNA replication
occurs (Reich et al., 1983). Reorganization presumablymined at the level of transcription.
The effect of ORF4 on E2 transcription is consistent contributes to efficient viral DNA synthesis. Both the
ORF3 and ORF6 proteins have been shown to affect thewith the previously described ability of ORF4 to down-
regulate transcription of the cellular junB gene and E4 localization of other proteins in infected cells: the ab-
sence of ORF6 alters the localization of E1B 55-kDa anditself. In those cases, the reduction in transcription appar-
ently is the result of inhibition of the activity of AP-1 and/ p53 in ORF60 mutant-infected cells (Ornelles and Shenk,
1991; Grand et al., 1994), and ORF3 has been shown toor other cellular transcription factors, due to a primary
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cause redistribution of the PML protein in infected cells other viral proteins are limiting. Such conditions presum-
ably would be encountered in the initial stages of natural(Carvalho et al., 1995; Doucas et al., 1996). ORF3 and
ORF6 therefore might be involved in nuclear reorganiza- infection, and E4 ORFs 3 and 6 may be of particular
importance in the early steps in that process.tion that enhances replication efficiency. The ORF6 prod-
uct has recently been shown to bind to p53 and prevent
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